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It has been shown that Hepatitis B virus (HBV) replication directly alters the expression of key cytoskeleton-associated proteins which play
key roles in mechanochemical signal transduction. Nevertheless, little is known on the correlation between HBV replication and the subsequent
adhesion mechanism of HBV-replicating cells. In this study, it is demonstrated that the lag time of adhesion contact evolution of HepG2 cells with
HBV replication is significantly increased by two times compared to that of normal HepG2 cell on collagen coated substrate. During the initial 20
min of cell seeding, only diffuse forms of vinculin was detected in HBV replicating cells while vinculin-associated focal complexes were found in
normal and control cells. Similar delay in cell adhesion in HBV-replicating cells was observed in cells transfected with HBX, the smallest HBV
protein, suggesting its involvement in this cellular process. In addition, a proline rich region found in many SH3 binding proteins was identified in
HBX. HBX was found to interact with the focal adhesion protein, vinexin-β, through the SH3 binding. Furthermore, HepG2 cells with HBV
replication showed evidence of cell rounding up, possibly resulting from cytoskeletal reorganizations associated with interaction between HBX
and vinexin-β. Taken together, our results suggest that HBX is involved in the cytoskeletal reorganization in response to HBV replication.
© 2006 Elsevier B.V. All rights reserved.Keywords: Cell adhesion; Kinetics; Hepatitis B virus; Extracellular matrix; HBX; Vinexin β; SH31. Introduction
Hepatitis B virus (HBV) is a partially double-stranded
circular DNA virus belonging to the hepadnaviridae family.
HBV infection is associated with the development of major
hepatic diseases such as acute liver diseases, chronic liver
disease, liver cirrhosis, and hepatocellular carcinoma [1,2]. It is
known that HBV attachment is mediated by the specific
recognition between the viral surface proteins and membrane-
bound receptors of hepatocyte [3,4]. Later on, the fusion of
virus with cell membrane and subsequent intracellular release of
viral genome lead to viral replication cycle [5]. Generally, The
HBV genome contains four genes: pol, env, pre-core and X that⁎ Corresponding authors.
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(W.N. Chen).
1 These authors contributed equally to this work.
0925-4439/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbadis.2006.06.016encodes the viral DNA-polymerase, envelope protein (HBsAg),
core protein (HBcAg) and protein X (HBX), respectively [6,7].
During its replication, HBV makes use of components of host
cell to synthesize various viral proteins as mentioned above. For
example, the phosphoprotein HBcAg binds to the C-terminal
region of actin-binding protein, which may modulate the
function of membrane-bound receptor and interfere with the
mechanochemical signaling of adherent hepatocytes [8]. More-
over, HBX has been shown to enhance the transcription,
translation and secretion of matrix metalloproteinase-9 and
metalloproteinase-3 [9,10] which affects cell adhesion and
migration of several types of cells [11]. Recent evidence also
suggests the role of HBX in cellular apoptosis, a process
involving major cytoskeletal disruption [12].
The communication between cell and extracellular matrix
(ECM) is mainly mediated by integrin receptor which binds to
ECM molecules with its extracellular domain and interacts with
cytoskeletal proteins through its intracellular domain. HBV
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cascades [13]. For instance, HBX blocks the molecular linkage
between the actin filament and cadherin complex and weakens
the intercellular adhesion in a Src-dependent manner [14].
Moreover, HBX reduces the expression of α1 and α5 subunits of
integrin, impairs cell adhesion on fibronectin coated substrate
and promotes cell migration [15]. Therefore it is generally
expected that the interaction between HBX and actin binding
protein contributes to the morphological changes of hepatocytes
through the alteration of the cytoskeleton organization. On theFig. 1. A series of C-RICM images of normal HepG2 cells (A), HepG2 cells with t
150 min after seeding on collagen coated glass coverslip at 37 °C. The contact area w
contact between the cell and the substrate.other hand, little is known on the effect of HBVreplication on the
biophysical mechanisms of cell adhesion on ECM.
In this study, the intricate interplay between cell adhesion
kinetics, HBV replication and cytoskeletal protein modulation is
elucidated with real-time biophysical measurements. The
temporal trends of degree of focal adhesion formation and
adhesion energy of the cells are found to be perturbed by HBV
replication during the initial stage of cell seeding on collagen
coated substrates. Most importantly, the biological origin of our
observed HBV induced responses is also suggested by theransfected empty vector (B) and HepG2 cells infected with HBV (C) from 5 to
as determined with the drawing tool of the software which indicates the area of
Fig. 2. Adhesion Kinetics of HepG2 Cells Transfected with replicative HBV
genome. (A) The average degree of cell deformation a/R of HepG2 cells
infected with HBV, HepG2 cells with transfected empty vector and normal
HepG2 cells on collagen coated substrate against the time of cell seeding. Each
error bar represented the standard deviation of the data from at least 60 cells on
four identical samples. (B) The average adhesion energy of a population of
HepG2 cells infected with HBV, HepG2 cells transfected with empty vector and
normal HepG2 cell against time of cell seeding on collagen coated substrate.
Data of at least 60 cells on four identical sample sets were used for the
calculation of the average adhesion energy.
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a newly identified SH3-binding motif in the latter.
2. Materials and methods
2.1. Substrate preparations
In brief, 400 μl stock solution of collagen (BD Biosciences Inc., USA) at a
concentration of 1 mg/ml in 0.012 N HCl was neutralized by adding 50 μl of
0.1 N NaOH and 50 μl of 10× PBS (final collagen concentration of 0.8 mg/
ml). Glass coverslip (Fisher Inc., USA) was cleaned with a mixture of 30% 1
N NaOH and 70% methanol in an ultrasonic bath for 20 min then washed in
pure methanol for 15 min, autoclaved and sterilized under UV light for
30 min. The neutralized collagen solution was spread out evenly on the
surface of glass coverslip with the use of a cell scraper. After 24 h of collagen
incubation at 4 °C, the coverslips were then washed with 1× PBS for three
times and dried in air before use.
2.2. Cell culture and transfection
HepG2 cells (ATCC, USA) were maintained in Gibco Dulbecco's Minimal
Essential Medium (Invitrogen Inc., USA), supplemented with 10% fetal bovine
serum (Invitrogen Inc., USA), 1% anti-mycotic (Invitrogen Inc., USA) under
37 °C and 5% CO2. They were passaged by trpsinization using 2× Trypsin-
EDTA/ PBS pH7.2 (Invitrogen Inc., USA) every other day to maintain their
integrity.
Three cell types have been employed for our investigation including: 1.
HepG2 cells transfected with a replicative HBV genome cloned in pcDNA3.1
and co-tranfected with pEGFP vector (Invitrogen, USA); 2. HepG2 cells with
empty vector (pcDNA3.1) and pEGFP vector; 3. normal HepG2 cells (control
experiment). The replicative HBV genome was constructed by cloning a linear
form of viral genome into mammalian expression vector pcDNA3.1. The linear
genome contains the viral promoter at its 5′ end and the region for termination of
transcription at its 3′ end as previously described [16].
Transfection was carried out using Effectene Transfection Reagent
(Qiagen) as per manufacturer's instructions. Briefly, 6×105 HepG2 cells
were seeded and cultured on a 60 mm dish (Nunc Inc., USA) under 37 °C and
5% CO2 for 24 h before transfection. After adherent HepG2 cells reach 70%
confluency, the cells were transfected with 2 μg of pcDNA3.1 plasmid with or
without replicative HBV genome (rHBV;genotype A). In brief, the plasmid
constructs are mixed with 16 μl of enhancer followed by 60 μl of Effectene
transfection reagent. After 2 h of transfection, the medium was removed and
rinsed twice with 1× PBS, before addition of fresh medium. Transfected cells
were maintained at 37 °C and 5% CO2 for 48 h to allow HBV replication. The
ability of this genome in behaving as a replicative virus was assessed by the
amount of HBsAg particles produced in the cell culture medium 2 days after
its transfection into HepG2 cells, using ImX semi-quantitative measurement
(Abbott Laboratories, USA). Transfected cells are detached by trypsinization
as described above, pelleted and resuspended in fresh medium and
immediately used for our biophysical studies. To determine the long-term
effect of HBV replication, the morphology of HepG2 cells transfected by
replicative HBV genome on polystyrene culture plate was determined. HepG2
cells transfected with empty pcDNA3.1 for 48 h was used as negative control
to replicative HBV genome. For analysis on cells transfected with HBX, the
full length HBX was cloned in pcDNA3.1. This construct was used as
template to generate mutations in the proline rich domain (see below). They
were then subject to further analysis in this study, including C-RICM and
immunostaining for vinculin.
2.3. Vinexin-β and HBX Interaction on SH3 Array
The proline rich domain within HBX, 28RPLPGPLGALPP39ASP42P43IV
P46TDHGAHLSLRGL58, identified in our earlier investigation [17] was cloned
into pGEX-5X-1 (GE Healthcare) as a fusion protein of Glutathione-S-
Transferase (GST) with the addition of 6xHis at the C-terminus. The construct
pGEX–HBX–SH3 was then expressed in BL21 cells and purified by
Glutathione Sepharose 4B (GE Healthcare). It was then used for interactionwith SH3 domains spotted on the Panomics SH3 Array II as per manufacturer's
instructions. The anti-His antibodies were used to detect interacting proteins
with HBX–SH3 protein. Chemiluminescence was then performed using ECL
(Amersham Biosciences). To assess the specificity of the binding, the four
proline residues in the proline rich region (at position 39, 42 43 and 46 within
HBX) were mutated to alanine by site-directed mutagenesis (Stratagene, USA)
using the above GST–HBX–SH3 construct as template. The mutant protein
HBX–SH3P-A was then expressed and purified as for the wild type HBX–SH3
protein, and used in the binding assay with the SH3 array for confirmation of the
importance of prolines in this interaction.
2.4. In vitro interaction between Vinexin-β and HBX
Human vinexin-βwas amplified by PCR using total RNA fromHepG2 cells as
template. The amplified PCR product 0f 1 kb was cloned into pGEX-5X-1 (GE
Healthcare) with a 3′ HA-epitope tag, resulting in a fusion construct pGEX–Vβ–
HA. On the other hand, the same PCR product (human vinexin-β) was cloned into
a mammalian expression vector pXJ40HAwith a HA-epitope tag [17], resulting in
the fusion construct pXJ40HA-Vβ. Proper expression of the fusion proteins, either
the bacterial GST–Vβ–HA (64 kDa) or the mammalian HA-Vβ (37kD), was
assessed by Western blot analysis using anti-HA antibody.
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reagent (Qiagen), pXJ40HA-Vβwas transfected into 293Tcells which showedmuch
higher transfection efficiency using the same reagent (data not shown). Briefly, 5x106
293T (ATCC) cellswere seeded overnight prior to transfection.Once the cells reached
50% confluency, 1 μg of pXJ40HA-Vβ plasmid DNA was transfected as per
manufacturer's instructions. Two hours after transfection, the transfection media was
replacedwith freshmedia and incubated for 48 h at 37 °C in 5%CO2. Cells were then
pelleted by trypsinization and proteins extracted by sonication. Proteins were then
determined by Bradford Assay (Biorad) and 100 μg total protein was used per
membrane overlay.
pGEX–Vβ–HAwas expressed in E. coli strain BL21 in 1 mM IPTG at 37 °C
for 4 h. The expressed protein GST–Vβ–HA fusion protein was then purified by
microspin GST purification kit (GE Healthcare) using Glutathione Sepharose 4B
beads and eluted in elution buffer provided (Supplemented with Complete
Proteinase Inhibitor). The concentration of purified protein Vβ-HAwas determined
by Bradford Assay (Biorad, USA) and 100 μg of protein was used for each
membrane overlay assay.
For the membrane overlay assay, the following proteins were expressed as
described earlier: GST, pGEX–HBX–SH3, pGEX-HBX and pGEX–HBX–
SH3P-A. 20 μg of proteins were then separated on 12% SDS-PAGE gel, andFig. 3. Immunofluorescence image for vinculin of HepG2 cells infected with HBV, H
and (B) 90 min post cell seeding (scale bar: 20 μm).transferred to nitrocellulose membrane. The membrane was blocked overnight at
4 °C with 5%milk in PBS, and incubated separately for 4 h with either 100 μg of
total mammalian protein extract from pXJ40HA-Vβ transfected cells, or 100 μg
of purified GST–Vβ–HA from E.coli. The membrane was then incubated with
mouse monoclonal anti-HA (Santa Cruz, USA), and subsequently with the goat
anti-mouse IgG antibodies (Pierce, USA).
2.5. Immunofluorescent staining of vinculin
Each of the three types of HepG2 cells (HBV-replicating, transfected with
pcDNA3.1 or normal cells) was seeded separately on collagen-coated
coverslip for 20 or 50 min and washed with pre-warmed PBS and fixed
with 1 ml 3% Paraformaldehyde/PBS, followed by another wash with PBS.
They were then permeabilized with 0.2% Triton-X100/ PBS, and blocked
with 10% FBS/0.1% Triton-X100/ PBS followed by a wash with PBS. Cells
were incubated with mouse anti-vinculin (Sigma, USA) at 37 °C for 2 h.
After washing with 0.1% Triton-X100/PBS, cells were incubated with anti-
mouse secondary antibody for 1 h at room temperature. The coverslip was
then mounted with mounting solution and the fluorescence imaging of cell
stained with vinculin was performed with a Pascal 5 confocal microscopeepG2 cells with transfected empty vector and normal HepG2 cells at (A) 20 min
Fig. 3 (continued).
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wavelength of 488 nm and the emitted light was detected with a band-passed
filter of 520 nm.
2.6. Confocal Reflection Interference Contrast Microscopy (C-RICM)
The system is based on a laser scanning confocal microscope (Pascal 5,
Carl Zeiss, Germany) and is integrated with a temperature/CO2 control
chamber (Carl Zeiss, Germany). The details of the instrument have been
described [18]. The illumination source is an Argon-ion laser with a
maximum power of 1mW and excitation wavelength of 488 nm. 63× oil
immersion objective (Neofluar, NA: 1.25) was used in this study.
Immediately following the seeding of HepG2 cells infected with HBV or
HepG2 cells with empty vector or normal HepG2 cells on collagen coated
coverslip, a series of C-RICM images was taken to investigate the kinetics of
adhesion contact area for adherent cells from 0 to 2.5 h. Strong contact zone
of the adherent cell appears as dark region on the image ZSM5 software (Carl
Zeiss, Germany) and was used for image analysis. The contact area was
determined with the drawing tool of the software which indicates the area of
contact between the cell and the substrate. The error bar on cell deformationis originated from the standard derivation of at least three sets of experimental
data (with at least 60 cells) under each condition.
2.7. Data analysis
Briefly, the equilibrium geometry of a water-filled cell adhering on rigid
substrate is modeled as a truncated sphere with a mid-plane radius R [19].
Degree of deformation, sinθ=(a/R)=α is an experimentally measurable
parameter of cell geometry where a is the contact zone radius and θ is the
contact angle. R and a is measured by C-RICM and phase contrast microscopy,
respectively. The cell wall is under a uniform equi-biaxial stress, σ=Tε. T is the
stress equivalent and is equal to Eh/(1-ν) in a linear system under small strain
where E, h and ν is the elastic modulus, membrane thickness and Poisson's
ratio, respectively. We have validated our truncated sphere model [20]. The
average biaxial strain, ε, is directly calculated from experimental data including
R and α as follows:
e ¼ 1
2
2þ 2ð1 a2Þ1=2
4=R2  a2 1
" #
ð1Þ
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energy, W, is
W ¼ ð1 coshÞCeþ Ce2 ð2Þ
Based on the experimental measurements of the mid-plane diameter R
(phase contrast microscope) and the radius of contact zone, a (C-RICM),W can
be found by Eqs. (1) and (2). Elastic modulus E of HepG2 cell is taken as
2000 N/m2 according to the experimental results obtained from AFM
indentation [21].
3. Results and discussions
3.1. Cell adhesion is delayed in HBV replicating cells
It is noticed that hepatocyte cell lines including HepG2 and
Huh-7 cells are able to support HBV replication [28] and hence
provide a cell-base experimental model for HBV research. Our
previous results suggest that the replicative genome delivered
through transfection was able to produce significant amount of
HBV particles [29]. In this study, the effect of HBV replication
on cell adhesion has been explored with our recently developed
cell-based HBV replication system in combination with real-
time biophysical measurements [16].
Collagen is a common ECM protein which influences cell
morphology, survival and proliferation [22]. Cell attachment and
spreading are mediated by the interaction between the adhesion
receptors on cell surface and biological ligands on ECM [23].
For instance, different variants of integrin mediate the spreading
of most anchorage-dependent cells on ECM coated substrates
[24,25].
Cell adhesion dynamics is correlated with receptor-mediated
signal transduction cascades such as the receptor expressions,
ligand affinity, focal adhesion formation and cytoskeleton
remodeling, etc [26–28]. In this study, adhesion contact formation
for HepG2 cells in response to HBV replication was measured.
Fig. 1 showed a series of C-RICM images of a typical normal
HepG2 cell (A), HepG2 cell transfected with the empty pcDNA3.1
vector (B) and HepG2 cell transfected with rHBV (C) against time
of cell seeding on collagen coated substrate. For transfection with
empty vector and rHBV, pGFP plasmid was co-transfected into the
cells. The result showed that normal cells and empty vector
(pcDNA3.1) transfected cells developed notable adhesion contact
at 10 min of cell seeding (cluster-like structures on Fig. 2A and B)
while similar adhesion contact formation was seen in cells
transfected with rHBV 20 min after cell seeding (Fig. 2C). At
20 min after cell seeding, the adhesion contact area of normal cell
and cell transfected by rHBVreached 173 μm2 (50% of the steady-
state value) and 48 μm2 (9% of the steady-state value),
respectively. The result supported that the extent of adhesion
contact formation was significantly lower in HBV transfected cells
during initial cell seeding. In addition, the adhesion contact area of
the normal HepG2 cell reached steady-state level of around
271 μm2 at around 70 min. In contrast, 46% longer time was
needed for HBV-replicating cells to reach the same steady state.
The fact that cell transfected with the empty vector developed
significant adhesion contact with an areas of 175 μm2 (43% of the
steady-state value) at 20 min after cell seeding (Fig. 2C), supported
that the observed adhesion contact evolution was not due to thetransfection or the plasmid, but more likely related to the HBV
replication.
The degree of cell deformation (a/R) is a key biophysical
parameter which collectively reflects the simultaneous spread-
ing and contact formation of adherent cells on a planar substrate.
In this study, it may be used as a geometry index for elucidating
the influence of HBV replication on the responses of adherent
cells. Fig. 2 showed the a/R of normal HepG2 cells (●), HepG2
cells transfected with the empty vector (▪) and HepG2 cells
transfected with rHBV (▴) on collagen-coated substrate. Each
error bar represented the standard deviation of the data from at
least 60 cells on four sample sets. Generally, a/R of normal
HepG2 cells rapidly increased against time during the initial 5
min of cell seeding (Fig. 2A). Similar trend was observed in cells
transfected with the empty vector. In contrast, a/R of HepG2
cells transfected with rHBV showed detectable level 10min after
cell seeding. The initial cell deformation rate for normal HepG2
cell and cell transfected with empty vector is 0.019 and
0.018 min−1, respectively. In contrast, the initial cell deforma-
tion rate of cells transfected with rHBV (calculated from 10 min
onward) was at 0.013 min−1. Our results supported that the
kinetics of cell deformation is dependent on HBV replication.
Cell adhesion to ECM or biomaterials is a highly dynamic
process [33]. The complex dynamical response of the adhesion
energy between cell and ECM or biomaterial has been measured
[25,34]. Contact mechanics model of adherent cell has been
successfully used to determined adhesion energy of HepG2
cells [18,25]. Fig. 2B showed the averaged adhesion energy of a
population for normal HepG2 cells (●), HepG2 cells trans-
fected with the empty vector (▪) and HepG2 cells transfected
with rHBV (▴) against time of cell seeding on collagen coated
substrate. The averaged adhesion energy of all types of cells
spanned several orders of magnitude. The results indicated that
normal HepG2 cells rapidly achieved a notable adhesion energy
of 1.7×10−15 J/m2 at 5 min after seeding on collagen coated
substrate. In contrast, the averaged adhesion energy of HBV-
replicating HepG2 cells was negligible during the initial period
of 19 min and was two orders of magnitude lower than that of
normal HepG2 cells and cells transfected with empty vector at
20 min after cell seeding. Significant reduction in adhesion
energy induced by HBV replication as discussed above
remained after 90 min post cell seeding. Moreover, normal
HepG2 cells and cells transfected with empty vector required
70 min to reach steady state in adhesion energy. HBV-
replicating HepG2 cells take longest time of about 130 min in
reaching a steady state of adhesion energy compared with the
other two cell types. At steady state, the adhesion energy of all
three types of cells approached the same level of around
1.2×10−7 J/cm2. It is possible that our observation was caused
by the cytoskeleton alteration upon HBV replication which led
to the change in the mechanochemical responses on ECM [15].
Our hypothesis was supported by the interaction between key
cytoskeletal proteins and HBV associated proteins. Further-
more, our findings on the delayed cell adhesion in HBV-
replicating HepG2 cells have provided new insights on the
mechanism of development of hepatocellular carcinoma,
consistent with the observation that inhibition of cell adhesion
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carcinoma [36].
3.2. Focal complex formation is delayed in HBV replicating
cells
The link between cytoskeleton reorganization, the reduction
of adhesion rate and HBV replication was not clearly under-
stood. It is widely known that integrin-mediated cell adhesion
triggers the formation of focal adhesion complex through the
association with actin cytoskeleton and subsequent clustering.
In detail, focal adhesion sites compose of cytoskeletal proteins
such as vinculin, talin, and α-actinin, and signaling molecules,
including FAK, Src, and paxillin. The focal adhesion formation
plays a critical role in the cell adhesion by serving as structural
links between the cytoskeleton and ECM. Fig. 3A showed the
confocal fluorescence images of normal HepG2 cells, HepG2
cells transfected with rHBV and HepG2 cells transfected with
the empty plasmid immuno-stained with anti-vinculin at 20 min
after cell seeding. The result showed that significant expression
of vinculin was detected in a typical group of normal HepG2Fig. 4. Proline rich region of HBX interacts with SH3-containing cellular proteins.T
additional His tag. Panel A, a Coomassie blue stained SDS-PAGE gel showing expr
while the 26 kDa GST protein was separately expressed (lane 2). Molecular weight
antibody. Identical samples in panel Awere transferred to nitrocellulose membrane an
tag was recognized by the antibody. Sepharose 4B (Amersham Biosciences) were use
SH3 arrays. Panel C, interaction between purified wild type GST-HBX and SH3 arra
to vinexin SH3 domain while spots 11 and 12 contained c-Src. Negative controls prov
and 14 is empty GST while spots 15 to 18 are not spotted). Positive controls (protei
mutant HBX (proline to alanine) and SH3 array. Position and identity of spots wercells (top panel) while vinculin was barely detected in the group
of HBV-replicating cells (bottom panel). Specifically, dot-like
structures of vinculin which have a diameter ranging from 0.5 to
1.5 μm emerged at the lamellipodium of normal HepG2 cells
(Fig. 3A: single-cell image in top panel). The dot-like structures
composed of vinculin are known as focal complexes which
served as precursor of focal adhesion [37]. In contrast, only
diffused vinculin instead of clusters was detected in the
cytoplasm of HepG2 cells transfected by HBV (single-cell
image in bottom panel Fig. 3A). As a control, HepG2 cells
transfected by empty vector also demonstrated the expression of
similar focal complexes found in normal HepG2 cells (single-
cell image in middle panel Fig. 3A). The result strongly
supported that HBV replication delayed the formation of focal
adhesion complexes during initial cell seeding. This delay of
focal complex evolution coincides with the reduction of initial
cell deformation rate and adhesion energy during the first 20
min of cell seeding. In particular, the formation of focal
complexes serves as a traction base for cell movement, anchor
point at the cell–cell connection, and as cement during
morphogenesis [31].he proline rich region of HBX was cloned as a fusion protein with GST with an
ession of proteins. The 32 kDa fusion protein was expressed in E. coli (lane 3)
markers were indicated in lane 1. Panel B, Western blot analysis using anti-His
d subjected to Western blot analysis. Only GST-HBX fusion protein with a His-
d for the purification of the fusion protein for use as protein probes on Panomics
y as detected by anti-His antibody. In the upper row, Spots 9 and 10 corresponds
ided by manufacturer were included in spots 13 to 18 in the upper row (spots 13
ns with His-tag) were included in the bottom row. Panel D, interaction between
e identical to panel C.
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complexes in normal HepG2 cells and cells transfected by
empty vector were transformed to dense patches at cell
periphery (Fig. 3B). The elongated and oval vinculin
containing structure had an averaged length of 4 μm, generally
known as focal adhesion (zoom-in view on the right of all
panels). Interestingly, vinculin patches also emerged at cell
periphery of HBV-replicating HepG2 cells after 90 min of cell
seeding. At the same time, all cell types demonstrated high
level of diffuse vinculin in the cytosol. The formation of focal
adhesion in HBV-replicating HepG2 cells may be caused by
the integrin-collagen recognition and the subsequent cytoske-
letal reorganization. The results further supported the transient
effect of HBV replication on the adhesion energy and degree
of deformation during the initial 20–30 min of cell seeding on
ECM.
3.3. Cytoskeletal protein vinexin-β interacts with HBX through
SH3 binding
One direct interaction between HBV viral proteins and cellular
cytoskeleton may be through specific domain interaction. In our
earlier investigation, a proline rich region (characteristic of SH3-Fig. 5. In vitro interaction between vinexin-β and HBX. (A) Expression of bacterial G
using anti-HA antibody. Lane 1, protein lysates from 293T cells transfected with the e
transfected with pXJ40HA-vinexinβ construct. The expected 37 kDa HA-Vβ protein
vinexinβ-HA protein. The expected 64 kDa fusion protein GST–Vβ–HA was dete
binding domain). Total lysates (both soluble and insoluble) from bacterial cells contai
GST protein coded by pGEX-5X-1 plasmid. Lane 2, lysates containing GST–HBX–S
insoluble GST-HBX full length protein coded by pGEX-HBX plasmid. Lane 4, lysate
plasmid. Lane M, protein molecular weight marker. The membrane containing th
HA-vinexin-β (panel A) followed by Western blot using anti-HA antibody. Inter
(lane 1), and between HA-vinexin-β and full length HBX (lane 2).binding motif) has been revealed at the N-terminal region of HBX,
28RPLPGPLGALPP39ASP42P43IVP46TDHGAHLSLRGL58
[17]. Such proline rich domains are typically found in cellular
proteins capable of binding to SH3 domain [32] To analyse its
potential in interacting with SH3 containing proteins, the proline
rich region of 30 amino acids was cloned in pGEX-5X-1 plasmid
with a His tag, expressed and purified in E. coli as a GST fusion
protein with an inclusion of His tag. Results shown in Fig. 4
indicate that the 32 kDa GST–HBX–SH3 fusion protein was
successfully expressed (lane 3, panel A). The correct in-frame
fusionwith GSTwas further supported by theWestern blot analysis
using anti-His antibody (lane 3, panel B). As a control, the GST
protein alone expressed in E. coli (lane 2, panel A) was not
recognized by the anti-His antibody (lane 2, panel B). The purified
GST–HBX–SH3 fusion protein was then used to incubate with
SH3 array containing various SH3 domains of cellular proteins
that contain such domains. Results shown in panel C indicated
that both vinexin β and c-src interacted with GST–HBX–SH3
protein. While the interaction with c-src had been previously
reported [33], our data revealed for the first time the interaction
between vinexin β and HBX. Vinexin-β is an adaptor protein that
is involved in the process of actin polymerization [34]. In a recent
study, it had been shown that the SH3 domain of vinexin-β bindsST–Vβ–HA (64 kDa) or mammalian HA-Vβ (37 kDa) byWestern blot analysis
mpty pXJ40HA. No band was observed Lane 2, protein lysates from 293T cells
was seen. Lane 3, bacterial protein lysates from BL21 cells expressing pGEX-
cted. (B) In vitro interaction between vinexin-β and HBX (full length or SH3
ning four individual plasmids were separated on SDS-PAGE gel. Lane 1, purified
H3 protein coded by pGEX–HBX–SH3 plasmid. Lane 3, lysates containing the
s containing GST–HBX–SH3P-A mutant protein coded by pGEX–HBX–SH3P-A
ese proteins was incubated with the mammalian protein extracts containing
action was detected between HA-vinexin-β and wild type GST–HBX–SH3
Fig. 6. C-RICM images of HepG2 cell transfected with wild type HBX (A),
normal HepG2 cell (B) and HepG2 cell transfected by mutant HBX (C) during
the initial stage of cell seeding on collagen coated coverglass.
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at the focal adhesion [39]. Moreover, the expression of vinexin-β
was found to enhance the formation of focal adhesion and cell
spreading in 3T3 fibroblasts [40]. Therefore the interaction of
HBX with vinexin following HBV replication could significantly
reduce vinculin self-assembly necessary for focal complex
formation. To assess the specificity of the interaction between
vinexin β and HBX, four proline residues in the proline rich
region (P39,P42, P43and P46) known to be involved in SH3
binding [32] were mutated to alanine residues and the mutant
fusion protein GST–HBX–SH3P-A expressed and purified as
described for the wild type protein. Binding assay with SH3 array
indicated that interaction between mutated HBX and either c-src
or vinexin β decreased significantly (panel D, Fig. 4). In the case
of binding assay between mutant GST–HBX–SH3P-A, the
positive control proteins with His tag, serving as internal control
for the anti-His antibody, showed significantly stronger intensity.
This suggested that the signal intensity between mutant GST–
HBX–SH3P-A and vinexin-β was much weaker than panel D,
further supporting that this praline rich domain in HBX was likely
to be involved in the interaction with vinexin-β via SH3 binding.
To further investigate the interaction between vinexin-β and
HBX, in vitro analysis was carried out. Consistently with earlier
investigation [17], our attempt in expressing either HBX or GST-
HBX fusion proteinwas not successful as bothwere insoluble. This
in turn made conventional in vitro analyses, such as immunopre-
cipitation or GST-pull down, not feasible. To overcome this
limitation, a membrane overlay assay was developed in this study.
First, vinexin-βwas expressed as a HA fusion protein in 293Tcells
which had much higher transfection efficiency compared with
HepG2 cells. The correct expression of the soluble HA-vinexinβ
protein of 37 kDa was shown by Western blot analysis (lane 2,
panel A, Fig. 5). Second, four different proteins were expressed
(GST, GST–HBX–SH3, full length GST-HBX, and mutant GST–
HBX–SH3P-A). Among these four proteins, the full length GST-
HBX protein was found only in the insoluble fraction. Total protein
extracts containing these four proteins were separated on SDS-
PAGE gel (panel B, Fig. 5), transferred to nitrocellulose membrane
which was incubated with the mammalian protein extract contain-
ing HA-vinexinβ protein. Western blot using anti-HA antibody
which recognized HA-vinexinβ protein indicated that vinexin-β
interacted with the wild type SH3 binding domain of HBX (lane 2,
panel C, Fig. 5). Similar interaction was also seen with the full
length albeit insoluble HBX protein. Much weaker interaction was
seen between vinexin-β and mutant SH3P-A protein (lane 4, panel
C, Fig. 5), as well as with GST protein (lane 1, panel C, Fig. 5). Our
membrane overlay assay therefore provided further support, using
full length vinexin-β in addition to the panomic array containing
only SH3domains, on the interaction between vinexin-β andHBX.
3.4. Delay in cell adhesion is mediated by SH3-binding domain
in HBX
To investigate the impact of interaction between vinexin-β
and HBX on cell adhesion process, HepG2 cells were
transfected with either the wild type HBX or mutant HBX.
The mutant HBX contained four proline to alanine mutations(P39, P42, P43and P46) in the SH3-ding domain. Cell adhesion
analysis, similar to that carried out in this study on HBV-
replicating cells, was then carried out.
Fig. 6 showed the C-RICM images of HepG2 cell transfected
by HBX, normal HepG2 cell and HepG2 cell transfected by
mutant HBX during the initial stage of cell seeding on collagen
coated coverglass. The result indicated that the normal HepG2
cell and HepG2 cell transfected with mutant HBX develops an
adhesion contact of 30.1 and 50.2 μm2, respectively, after
15 min of seeding. Interestingly, HepG2 cell transfected by wild
type HBX failed to develop any strong adhesion contact during
the initial 30 min of cell adhesion. After 36 min of seeding, the
adhesion contact area of normal HepG2 cell and HepG2 cell
transfected with mutant HBX reaches 122.4 and 142.7 μm2,
respectively. In contrast, the adhesion contact area of the HepG2
transfected with wild type HBX at 36 min is approximately 80%
smaller than (30 μm2) that of normal HepG2 cell and HepG2
cell transfected with mutant HBX.
The observed delay in adhesion in cells transfected with the
wild type HBX was similar to that observed in cells transfected
with replicative genome. Significantly, the importance of HBX
protein in this cellular process was further indicated by the fact
that mutations in the proline rich domain of HBX, identified in
this study, resulted in the restoration of normal cell adhesion.
Perhaps more importantly, our results suggested a direct
involvement of interaction between HBX and vinexin-β via
SH3 binding, as mutations at proline residues which have been
known to be involved in SH3 binding abolished the delay in cell
adhesion.
Similarly to HepG2 cells transfected with rHBV, the average
degree of deformation (a/R) for HepG2 cell transfected by HBX
Fig. 7. Adhesion Kinetics of HepG2 Cells Transfected with HBX. (A) The
average degree of deformation (a/R) for HepG2 cell transfected by HBX, normal
HepG2 cell and HepG2 cell transfected by mutant HBX against the time of cell
seeding on collagen coated coverglass. (B) The average adhesion energy for
HepG2 cell transfected by HBX, normal HepG2 cell and HepG2 cell transfected
by mutant HBX against the time of cell seeding on collagen coated coverglass.
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represented the standard deviation of 60 cells on three samples.
The result showed that a/R of both normal HepG2 cell and
HepG2 cell transfected by HBX rapidly rose during the initial
30 min of seeding. On the other hand, a/R for HepG2 cell
transfected with mutant HBX was undetectable until 36 min of
seeding and remained lower than the value for both normalFig. 8. HBV-replicating HepG2 cells undergo phenotypic changes observed under ph
vector. Panel B, cells transfected with the replicative HBV genome cloned in pcDNHepG2 cell and HepG2 cell transfected with HBX from 36 to
120 min of seeding. After 80 min of seeding, a/R of both normal
HepG2 cell and HepG2 cell transfected by wild type HBX
reached 0.83. Fig. 7B showed the average adhesion energy for
HepG2 cell transfected by HBX, normal HepG2 cell and
HepG2 cell transfected by mutant HBX against the time of cell
seeding on collagen coated coverglass. The result showed that
adhesion energy of both normal HepG2 cell and HepG2 cell
transfected with wild type HBX spanned eight orders of
magnitude between 8 min and 2 h of seeding. In contrast, the
adhesion energy of HepG2 cell transfected by wild type HBX
was not detectable until 36 min of seeding and was seven orders
of magnitude lower than that of normal HepG2 cell and HepG2
cell transfect by mutant HBX.
Taken together, our results indicated that the expression of
wild type HBX significantly dampened the kinetic of adhesion
contact evolution. Such a delay in cell adhesion was reversed by
specific mutations in the SH3 binding domain of HBX. It is
likely that our identified interaction between vinexin-β and
HBX played a direct role in the cell adhesion process in the
context of HBV replication.
To investigate the impact of the observed changes in cell
adhesion kinetics as a result of HBV replication, HepG2 cells
transfected with replicative HBV genome or empty pcDNA3.1
vector were incubated for 48 h on polystyrene tissue culture plate
and observed under phase contrast microscope. The use of
polystyrene dish eliminated the complication brought by the
collagen-integrin signaling in interpreting the main effect of
HBV replication on the cell phenotypes. Moreover, these cells
originally adhering on polystyrene dish were subsequently
trypsinized for our biophysical measurements. Results shown in
Fig. 8 indicated that HBV-replicating cells (panel B) were on the
verge of detachment from the substrate and showed the round-up
shape compared with cells transfected the empty pcDNA3.1
vector (panel A, Fig. 8). This result indicates that the phenotype
induced by HBV replication immediately before our biophysical
measurement has led to the changes of cell adhesion kinetics and
the cytoskeletal protein organization during initial period of cell
seeding. Consistently, it was also observed that HBX transfected
cells detached approximately 2-fold faster compared to HBX
mutant or empty vector pcDNA3.1 transfected cells (data not
shown) via trypsinization. The significance of such cellase contrast microscope. Panel A, cells were transfected with empty pcDNA3.1
A3.1 and observed after 48 h incubation.
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phenotype as reported for HBX [42] should warrant further
investigations.
In conclusion, we have successfully combined biophysical
techniques based on confocal microscopy with transfection
technique to investigate the effect of HBV replication on the
adhesion contact dynamics of HepG2 cell on model ECM.
Overall, intricate interplay between HBV replication, adhesion
contact kinetics, and adhesion energy dynamics has been
revealed herein. Our results indicate that HBV replication
directly tunes the adhesion contact kinetics of normal HepG2
cells on collagen coated substrates. The close interplay
between HBV replication and cellular cytoskeleton was further
supported by the interaction between vinexin-β and HBX
through SH3 binding. The significance of our finding in the
context of HBV replication has been supported by the onset of
phenotypic changes in HBV-replicating cells before seeding
on collagen.
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